We use a planar linear grating with varied line-space grooves to introduce a tailored one-dimensional phase variation profile that results in an aberrated point-spread function at the focal plane. A design procedure for the period chirp map for such gratings is developed. As an example, we present theoretical and experimental results on a mechanically ruled, varied line-space echelle grating in single-mode fiber-coupled optical multiplexers in the wavelength region of 1545 nm. The varied line-space grating changes the multiplexer's Gaussian spectral response function to a flat-top dependence with reduced sensitivity to source laser wavelength drift.
Introduction
Surface-relief diffraction gratings have been the essential element in many spectrally dispersive instruments such as monochromators, spectrometers, optical multiplexers-demultiplexers, and external-cavity lasers. [1] [2] [3] The simplest and most common grating type has periodic surface microstructures on a planar substrate along one direction that forms the dispersion plane. Such straight, parallel grooves can be either mechanically ruled, including those replicated from ruled masters, or lithographically produced through direct writing or laser beam interference. To achieve high spectral resolution, the groove period of these linear gratings needs to be highly uniform so that the diffracted wavefront can be reconstructed from individual grooves without significant phase variations. Different types of phase variation can lead to so-called ghost features. The spectral response function (SRF) of a well-fabricated grating should have a minimal amount of power in various ghost features and exhibit low levels of diffused background scatter in and out of the dispersion plane. Planar gratings are generally employed to disperse collimated beams into their respective spectral constituents that remain collimated. It is also common for gratings to create certain exit wavefront figures such as adding a curvature (focusing power) or correcting aberrations induced in other parts of the optical system. Uniform line-space (ULS) gratings ruled on curved substrates are most frequently used to achieve such purposes. 1, 4 The advancement of holographic gratings in the past decades opened up vast new possibilities of grating wavefront manipulation, 5 although these gratings typically are less efficient compared to mechanically ruled gratings. In ultraviolet (UV) and x-ray monochromators and spectrometers, planar varied linespace (VLS) gratings have been successfully utilized to significantly improve the spectral resolution under the grazing angle illumination of incident beams. 6 -11 Fabrication of these VLS gratings, pioneered by the UV and x-ray spectroscopy community, requires not only highly repeatable control of the groove period but also the ability to precisely fine-tune the prescribed line-space variations. [12] [13] [14] In this paper, we describe an application of VLS gratings in single-mode fiber (SMF) coupled optical multiplexers-demultiplexers 15, 16 near the wavelength region of 1545 nm for dense wavelength division multiplexing (DWDM) telecommunication networks. The VLS echelle grating is designed to introduce a tailored one-dimensional (1D) profile of wavefront phase variation at the exit pupil to transform the normally Gaussian-shaped point-spread function (PSF) into an aberrated double-peak distribution split along the dispersion direction. This target PSF results in a flattop (super-Gaussian) fiber-filtered SRF that is more tolerant to source laser carrier wavelength drift due to environmental disturbances. In essence, the VLS grating serves both as the dispersive element and a phase shifting mask at the exit pupil in the optical multiplexer-demultiplexer. Similar pupil phase manipulation techniques such as wavefront coding or pupil-phase engineering have been used in conjunction with postprocessing algorithms to enhance the picture quality and information content of digital imaging systems. 17, 18 In the design process, we first derive the initial target field pattern and the associated PSF at a facet of the output fiber from the required flattop SRF using the SMF coupling theory. 19 We then calculate the 1D phase variation profile at the exit pupil near the grating using an iterative phase retrieval algorithm based on the simulated annealing technique. 20 -22 We use a wave optics model to propagate the beam from the grating to the output fiber to verify the target field pattern and SRF. Necessary iterations of the whole process are performed to finetune the 1D phase profile to perfect the functional shape of the SRF. Once a satisfactory 1D phase profile is obtained, we calculate the VLS period chirp map across the grating clear aperture by taking the spatial derivative of the phase profile.
The design principle is demonstrated with a prototype sixth-order echelle grating fabricated on a ruling engine with high-precision groove line-space control. The VLS grating is installed in a multiplexerdemultiplexer device designed and optimized for ULS gratings with only minor modifications. For this multiplexer-demultiplexer, the grating is mounted in the retroreflecting Littrow configuration at an incident angle of about 53°to coincide with the grooves' blaze angle for the 1545 nm telecommunication band at the sixth order. The magnitude of the relative change in groove line-space is small, less than 10 Ϫ3 of the 5.8 m baseline period. Detailed measurements of up to 44 SMF filter channels indicate that the fiber-coupled SRF agrees well with the predicted flattop dependence in the passband, thus validating the design of the VLS period chirp map. This paper is divided into the following sections. In Section 2, we will discuss the relationship between the groove period chirp of a linear grating and the resulting 1D profile of wavefront phase variation. We will describe the echelle grating based optical multiplexer-demultiplexer design in Section 3 with emphasis on the dependence of the filter SRF on the field pattern and PSF. In Section 4, we will discuss in detail the design process to arrive at the VLS period chirp map for the flattop SRF. Section 5 will present the measurement results on the experimental prototype grating and the comparison with the theoretical prediction. We will conclude with a brief summary and discussion in Section 6. Figure 1 is an illustration of wavefront manipulation by a VLS grating. Here, a collimated beam is incident at angle i on a reflecting planar linear grating in the dispersion plane in an ambient index of refraction of n. In this simplest form, a diffraction grating regenerates exit beams through constructive interference between wavelets from the array of linear grooves with uniform line space d 0 , where discontinuity of the optical path-length difference (OPD) between adjacent grooves is m for the mth order. The grating equation
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determines the exit angle of the mth-order diffracted beam for wavelength . Here, we only consider changes in phase properties of exit beams and assume that the relative amplitude profile remains approximately the same due to small line-space deviations considered in this work. The absolute efficiency of a particular order for wavelength depends on such factors as the incident angle and polarization, groove period and shape, surface coating, etc., and is beyond the scope of this study. For a VLS grating with local line space d deviating slightly from d 0 , stitching of the exit beam wavefront is imperfect and a 1D profile of phase variation develops in the dispersion direction. Consider the situation shown in Fig. 1 where one groove has the same depth but a slightly longer local line space d. Across that particular groove, there is an OPD larger than m, resulting in a phase step in the wavefront. We show that for small relative local line-space change the spatial slope of the phase profile is proportional to ⌬d by the following equations:
where ͑x g , y g , z g ͒ are the Cartesian coordinates along the grating surface with (x, y) being parallel and perpendicular to the groove direction, respectively. Equation (1) is used to relate incident and exit angles to the reference groove line space to derive Eq. (2). Any spatially slow-varying 1D phase profile can thus be constructed by accumulating each groove's phase steps across the grating clear aperture. Conversely, we can derive the VLS d͑y g ͒ map by taking the spatial derivative from the tailored phase profile. Note that the local groove phase step is proportional to the product of relative change ⌬d͞d 0 and diffraction order m. For echelle gratings where m is large with high incident and exit angles, only small relative linespace changes are necessary to obtain the required phase steps. Small ⌬d͞d 0 makes the phase-only design calculation more accurate since perturbations to the groove shape and diffraction efficiency is minute. However, it does require more precise line-space control of the VLS grating in the ruling process.
Echelle Grating Optical Multiplexer-Demultiplexer
A SMF-coupled optical multiplexer-demultiplexer is essentially a grating spectrometer to combine (multiplex) or separate (demultiplex) optical signals in DWDM fiber-optic networks. 15 Optical layout of the echelle grating optical multiplexer-demultiplexer used in this study is schematically shown in Fig. 2 with two ray bundles representing two wavelengths in the covered spectral range. This device has been designed and tested to meet standards for network deployment.
Relevant optical specifications of this device are listed in Table 1 . The device features a customdesigned lens to both collimate input beam(s) and refocus output beam(s) diffracted off the echelle grating in the Littrow mount configuration. The blazed groove shape and surface gold coating properties are carefully controlled to maximize diffraction efficiency in the sixth order and to reduce the polarization dependence. 16 The telecentric lens is designed to operate in the wavelength range of 1527 to 1562 nm over an environmental temperature range of Ϫ5°C to 55°C. Input and output SMFs are positioned to submicrometer accuracy in a custom-built silicon V-groove structure. The beam emitted from the SMF's polished facet has an intensity profile closely approximated by the Gaussian distribution. A linear microlens array with each lenslet matched to the fiber's central core position is aligned and bonded to the V-groove for the purpose of magnifying the SMF mode field diameter (MFD) and waist diameter of the exit Gaussian beam, thus reducing beam divergence going into the device. The beam numerical aperture (NA) is measured along the e Ϫ2 point of the peak intensity. We take advantage of the decoupling between SMF-microlens wave interactions and ray properties of the macroscopic optics to facilitate the VLS grating design by using only the effective MFD magnified by the microlens array. In addition, since the covered 35 nm wavelength band is relatively narrow, we use the center wavelength of 1545 nm in designing the microlens and VLS grating for all 44 channels. This center channel approach is validated by measurements from both the ULS and VLS versions of the optical multiplexer-demultiplexer. All optical clear apertures are large enough to allow Gaussian beam passage down to the 1% level of the peak intensity, at approximately 1.5 times the radius of the e Ϫ2 point. Transmission loss at the air-glass interface is minimized by antireflection coatings on the optics. Since the aperture stop at the grating is positioned at the conjugate focal plane of the lens, output beams are telecentric to each individual fiber-microlens pair with the NA matched to the fiber mode, thus ensuring efficient power coupling from the free-space region into fibers. The multiplexed fiber channel is positioned in the same plane as the individual channels and is adjacent to the shortest channel as shown in Fig. 2 .
Since the device is completely bidirectional and can operate both in multiplexing and demultiplexing modes, it is easier to conduct tests in the demultiplexing mode using a single input source from a fibercoupled tunable laser. All 44 of the single wavelength channels can be monitored as the input wavelength is swept across the spectral range. Each channel is essentially a bandpass filter with a characteristic SRF centered near its designated carrier wavelength. Typically, the filter SRF is measured as insertion loss in decibels, defined as 10 times the logarithmic ratio of the output power versus the input power. Procedures for assembly, alignment, and testing of the optical multiplexer-demultiplexer are well developed and routinely carried out in a production facility.
For a well-fabricated ULS grating, the main passband of the measured SRF is closely approximated by a Gaussian dependence with a characteristic peak insertion loss and a full bandwidth defined by the two e Ϫ2 points on the curve. The Gaussian SRF comes from the fact that both the PSF and mode field of the output fiber are approximately Gaussian with matching diameters. As the wavelength is swept across the passband of the fiber channel, the focused output spot scans across the fiber core in the dispersion direction. The fiber coupling efficiency at a given wavelength is determined by the degree of spot-core overlapping through the mode-matching convolution integral. 19 For the echelle grating multiplexer-demultiplexer considered here, the SRF bandwidth is about ͱ2 times the effective fiber MFD multiplied by the spa- tial wavelength dispersion rate of about 0.009 nm per m. Figure 3 shows the measured SRF of a typical channel centered at 1543.7 nm in comparison to the wave optics model, which includes effects such as Gaussian beam clipping and optical aberrations. Note that the model prediction is a function of detuning relative to the peak wavelength and insertion loss. In order to make meaningful comparisons, the model curve is shifted to coincide with the measured passband peak in the graph. Peak insertion loss is determined by the radiometric transmission throughput of the multiplexer-demultiplexer and is typically dominated by the grating loss due to reflectivity of the gold coating and diffraction efficiency. 1, 16 The passband center also depends on the fabrication and alignment of the as-built multiplexer-demultiplexer. Agreement between the model and data is good in the main passband region down to the level of Ϫ40 dB or 10 Ϫ4 in insertion loss. The low-level features away from the main passband are due to a variety of factors such as stray light from the optics and grating ghosts, as well as noise contributions from the source laser. Many of these factors are difficult to capture in the Gaussian beam propagation model and thus are not accounted for. This explains why measured sideband features are generally higher than the predicted responses. Electronics detection sensitivity ultimately determines the noise floor of the SRF at regions of large wavelength detuning far away from the main passband.
Varied Line-Space Grating Design Process
For many applications, a Gaussian-shaped SRF is adequate in spectrally combining or separating DWDM channels in fiber-optic networks. A flattop SRF with approximately super-Gaussian shape is more desirable in certain situations when the source laser carrier wavelength experiences a significant amount of long-term drift and when many multiplexersdemultiplexers are concatenated in series. Many innovative techniques have been developed to generate such SRFs, including both in free-space optics and planar optical waveguide circuits. [23] [24] [25] [26] Here, we employ a novel VLS grating to replace regular ULS gratings in the same device to transform a Gaussian SRF into a flattop SRF. 27 Using the VLS grating as a 1D phaseshifting mask, a wavefront phase variation profile can be introduced resulting in an aberrated PSF at the focal plane. As shown in Fig. 4 , the new target PSF has two equal intensity spots separated in the dispersion direction. When this double-peak field distribution convolutes with the effective fiber mode field for coupling calculation, a flattop SRF close to a super Gaussian function results. This technique is advantageous in that we can switch between a Gaussian and a flattop multiplexer-demultiplexer by changing only the grating without disturbing other optical and mechanical setups. One disadvantage of this technique is the additional power loss due to the PSF splitting. The VLS grating design process begins with the initial derivation of the target aberrated double-peak field distribution that is needed to produce a flattop response. We first equally split the Gaussian PSF with a spatial separation and then add the two intensity distributions to approximate the target PSF. SMF mode-coupling theory is then applied to derive the needed separation distance in the dispersion direction. 19 This analytical PSF guess solution serves as the starting point for the iterative design processes discussed in the following paragraphs.
According to the far-field diffraction theory, the PSF's irradiance pattern is approximately the square modulus of the spatial Fourier transform (FT) of the wavefront complex amplitude at the exit pupil near the grating. Since the PSF only contains intensity information, iterative phase retrieval algorithms have to be employed to calculate the required wavefront phase profile at the exit pupil. 20 -22 At each step of the phase retrieval algorithm, a sine function component with randomly generated spatial frequency and small complex amplitude is added to the phase profile. The FT of the modified wavefront amplitude is compared with the target double-peak PSF and the absolute value of the difference is calculated as the merit function. Using the simulated annealing algorithm due to its robustness and fast convergence, the new phase function is either kept or discarded before the next iteration. At the end of the iteration, the resulting 1D phase profile is therefore retrieved as the sum of sine function components with different spatial frequencies and complex amplitudes. A realistic Gaussian beam intensity profile and real lens and grating prescriptions have been used to obtain the 1D phase variation profile. Using two independent commercial software packages, we have set up wave optics models to carry out end-to-end beam wavefront propagation from the grating exit pupil to the output fiber to take into account intermediate beam clipping effects neglected in the far-field FT theory. SRF results from these two wave optics models are compared to the design goal to validate the phase profile obtained from the numerical phase retrieval algorithm. This system-level wave optics calculation can also be iterated several times to fine-tune the SRF, PSF, and 1D phase profile to arrive at an optimal design for the intended multiplexerdemultiplexer application.
The optimized 1D phase variation profile on the grating clear aperture is shown in Fig. 5(a) . Here, a relatively small grating is used with a clear aperture diameter of 11 mm in the dispersion direction. The phase variation profile is symmetric with respect to the central groove of the grating where it intersects the optical axis of the lens. This symmetry comes from the equal intensity of the symmetric doublepeak target PSF as shown in Fig. 4 . The piston term of the phase profile is shifted so that it is zero at the grating center. The phase variation over the grating approximately resembles half a period of a cosine function with a peak-to-valley amplitude of about 0.7 waves. The spatial period of the phase variation is related through FT to the short separation distance between the two peaks in the target PSF (see Fig. 4 ).
Once the 1D phase profile is optimized, the period chirp map across the VLS grating clear aperture is calculated from Eq. (2) by taking the first spatial derivative of the phase profile. To reduce the influence of numerical noise, we fit the period chirp map with an analytical polynomial expression for linespace control during groove ruling fabrication. , thus approximately maintaining the same shape of blazed grooves and diffraction efficiencies.
Experimental Results
In this section, we present measurement data on a multiplexer-demultiplexer with a prototype VLS grating fabricated on a high-precision ruling engine. Odd-generation replicas of the ruled master grating with gold coating are typically used for this experiment. Finished VLS gratings are first inspected with a 632.8 nm He-Ne laser beam at the same incident and exit angles where the equivalent diffraction order is 15. It is generally easy to observe the splitting of the far-field irradiance pattern visually with a magnifier or using a scanning pinhole detector. It is worth mentioning that the prototype grating used in the measurement suffers problems, including several dislocated grooves and coating nonuniformities, that degrade its spectral and efficiency performance somewhat from typical ULS gratings. Ghost features and background scatter are significantly higher compared to ULS gratings fabricated on the same ruling engine, resulting in a higher background level in the measured SRF. We expect that improvement in control of the ruling process should lower the VLS grating ghosts and stray light to a similar level as the ULS gratings.
From the point of view of surface scattering theory, this VLS grating contains approximately two spatial frequency components in its power spectral density of surface corrugation, therefore producing a nearby ghost peak with equal intensity as the main peak. Due to the lack of a high-resolution near-infrared (NIR) camera, we did not measure the grating farfield irradiance pattern directly in the NIR region of 1545 nm. Rather, we measure the SMF-coupled SRF using the optical multiplexer-demultiplexer device itself. Translational alignment of a VLS grating is different to that of regular ULS gratings that are invariant in x-y translations. Here, we first perform a coarse alignment of the grating in the dispersion direction to allow an adequate level of output signal. We then fine-tune its position without disturbing its Littrow angle to obtain the most symmetric passband shape in its SRF.
A single-channel SRF measurement is shown as the solid curve in Fig. 6 for the same fiber channel centered near 1543.7 nm. The main passband is much flatter and wider than the Gaussian shape with about 8 dB additional peak insertion loss. Theoretical prediction from the optimized design is shown as the dashed curve, again shifted to coincide with the passband peak of the measured response. Satisfactory agreement between the theoretical prediction and data is observed in the main passband, thus validating the design principles. The measured passband is wider with more gradual drop-off slopes than the design prediction, possibly due to the grating fabrication defects mentioned earlier. Measured peak insertion loss exhibits a larger than expected increase from a Gaussian (shown in Fig. 3 ) to a flattop passband if the grating efficiency stays constant. However, the measurements are done on two different gratings so it is difficult to draw firm conclusions. Compared to the Gaussian response in Fig. 3 , the noise floor of the VLS grating is about 15 times higher, which is again due to the fabrication defects of the prototype VLS grating.
Similar passband flattening effects are observed for all fiber channels of the VLS grating multiplexerdemultiplexer. To display multiple SRFs clearly, we only show the main passbands of 12 fiber channels in Fig. 7 . Passbands of these channels are observed to have similar flattop functional dependence, demonstrating that a single VLS grating changes SRFs of all channels in the multiplexer-demultiplexer in a similar fashion. Dispersion effects are generally small over the 35 nm spectral range of the device so that a central wavelength of 1545 nm can be used in designing the microlens array and VLS grating. Passband shape variations from channel to channel may be due to fiber misalignment in the silicon V-groove structure.
Conclusions
In summary, we show that the groove period across a planar linear grating can be varied judiciously to produce a tailored 1D profile of wavefront phase variations for diffracted exit beams. This intentionally produced phase profile can be employed to manipu- Fig. 6 . Measured filter SRF from the VLS grating and predicted flattop passband for the channel centered near 1543.7 nm. The predicted passband curve is shifted both in wavelength and amplitude to coincide with the measured passband at the passband peak. Fig. 7 . Measured filter SRFs of twelve 100-GHz-spaced channels with the prototype VLS grating multiplexer-demultiplexer. Only the main passbands are shown for clarity.
late system PSF for various purposes. As an example, we demonstrate a VLS grating design and measurement to transform a Gaussian SRF to a flattop SRF for SMF coupled echelle grating multiplexersdemultiplexers suitable for fiber-optic networks. Good general agreements between the data and theoretical prediction have been observed in validation of the design principles. We believe that this technique may have applications to other dispersive instruments where mechanically ruled diffraction gratings are used.
